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Absiract

Principal new results in this report are:

1.

™~

PZOS glassing not only getters Na, but alsc stabilizes-
SiO2 even at concentrations of Na around 1018 cm_3.

A model for instability of Si surface potential has secen
developed which explains slow drift with field-plate Dositive

followed by fast drift with plate negative in hot-bias MOS

tests.

Preliminary results of hydration and radioactive gold experiments

are also reported.
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Impurities and Interiace Slatvs in the SiOZ/Si System™

-~ 1\ ~ P ;- . - = g . -

Purposc: (1) To understand factors contributing to instability in surlace
.l - Ak 14 - - . 3/ . : . ~ gl I

propurties of silicon planar devices and (2 to provide information which

silicon device engineers can use to improve reliability.

Introductiion

Four months have elapsed since the last report on the grant. Durin:
this period main emphasis has been in two areas (1) Passivation againsi Na
impurity by phosphosilicate glass and (2) Theory of impurity charge in MOS
oxide.

The former work will be presented this Fall at the 1967 IEEE Rceliability
Physics Symposium, the latter was presented May 10 to the Electrochemical
Society and has been submitted for publication.

Significant conclusions from this work which should provide silicon device
engineers with information to improve reliability are:

(1) The P,O_ glassing process does more than getter Na, it maintains

the Si surface stable even with Na concentration around 1018 c:n’x—3
in the oxide.

(2) Theory compared to experiment indicates that relatively slow surface
potential shift generally observed in hot-bias is characteristic of Na
drift across the oxide. This, and the reason for asymmetry in ot~
bias cyclic drift is discussed later in detail.

Two other areas of research are being actively pursued:

(1) Impurity interaction (water spccics-Na)
(2) Gold effects
Interface States, their origin and inferaction with impurities, is the next

part of the rescarch program to be investigated.




Phospnosilicate Glass Passivation Against Sodium (W. Smith)

Silicon surface potential under wet-grown oxide was stabilized by

. Sq. . O — PRI
growing a phosphosilicate glass layer over the oxide at 900°C. Profliling

24_ 82

of ¢lass-oxide contaminated with radicactive Na B3z , and clectrical

o

measurements on MGOS capacitors was done. Phosphorus profiles were
obtained by activation analysis of P3 .

Phosphorus concentration profiles are shown in Fig. 1 for glass over
oxide as grown for 30 min. at 900°C and for a sample which was heated an
additional 30 min. at 900°C in nitrogen.

Penectration of the glass/oxide interface was determined by ctch-rate
and was found to proceed as time 12 indicating that diffusion of P7O5 wa s
ratc-limiting penetration. The concentration of PZOS in the glass was

21 - .
5-8 x 10 cm 7 in close agreement with the equilibrium concentration

12)

. . O N
obtained from the phase-diagram at 900 C We note that a substan-

tial amount of Phosphorus diffuses intc the SiOZ.

In an effort to determine mechanisms by which phosphosilicate zlass
stabilized the SiOZ/Si system, relatively large concentrations of Na were
diiffused in to the glass/oxide. The technique used to accomplish this was
to contaminate the outer surface with NaBr after glassing and then to cover
witii @ polished Si slice during 30 min. diffusion at 900°C. 1Ia this way, sub-
stantial Na was retained within the oxide. A comparison of contamination
before-glassing and after glassing for two samples is shown in Fig. 2, in-
dicating that heavier contamination was achieved by the latter technicue.

The result of this heavy contamination was however: (1) no C-V flat
band voltage shift (AV) and (2) no substantial AV at high stress (ZOOOC,
106V/cn1‘).

Preiferential segegration of Na at the glass/oxide interface, found in

this work, has been discussed in the last report.




CONCLTSIONS

The major conclusions of this work are:
1. Phosphosilicate glass grown over silicon dioxide,

traps Na and Br in or ncar the glass.

o~

. Bulk trapping in the glass is predominant for large

-

- . . .19
Na contamination levels (> 5 x 10" " /cc).

(WA

Bulk trapping in the glass appears to saturate at

about 20% of P O5 conceatration.

2

. Beyond this contamination level Na diffuses into the

-

oxide but is electrically inactive as seen by the Si
surface.
5. Glass/oxide interface trapping is present and pre-

o

18
dominates at low Na and Br levels (< 5 x 10" /cc).

The most important conclusion of this work is that the phosphesilicatc
glass does more than trap impurities. It seems to render impuritics eleciri-
cally inactive in the oxide as well as in the glass. Glassing may alter the

structure of the oxide or possibly that of the silicon surface because o

{

o
U

hef

-

H

T

t

¢iable concentrations of phosphorus diffusing through the oxide. This could
maxe electrical stressing ineffectual. Since P205 is a desiccant, and glass-
. o . . . . ; ,
ing at 900°C is a drying step, experiments to determine the role of water in

this process could be essential.
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Theory of Impurity Charge in MOS Oxide (IH. P. Caban-Zcoeda)

Steady-state distribution, N(x}, of charged impuriti R VST US SRUN
oxice in MOS is calculated by solving the Contimil . couation and Polisson o

cguation assuming that neutral impurity is initially at M surface 2nd moves
between blocking electrodes. Three cases are solved: (1) cation monile,
fully ionized, (2) cation mobile, reccombining with anioin acar the M /O fater-
facc, (3) arion and cation both mobile. Bias applicd, plates shoricd, «.d
plaies floating are consicered.
Results are compared with experimental N(x) in Si O on Si ontainec by
radiotracer analysis after ¢if fusion and drift of Sodium (Na;.
Although the experiments do not satisfy the assumptions of the theory
(in particular the observed distributions arc not steady-state), comparison
of theory with experiment suggests:
1. Pile-up of Na in the oxide at the Si is due in part to
charged Na-'L paired with image charge in the Si surface.
2. Most of the Na in the oxide is effectively neutral.
3. NaBr impurity distribution results from association-
dissociation with diffusion and drift rather than from

unassociated ions.

1
n
O
Q
s}
1

he conclusion that most Na in the oxide is effectively neutral,
sistent with other experimental results.
These conclusions in turn suggest a model to explain observed slow-in/
fast-out kinetics of hot-bias clectrical drift in MOS. In this model, instability

is duec to Na. In-drift of Na across the oxide is rate- 11[X11tt,d by bulk trappging

1

(essociation) within the oxide; out-drift is drift o \a from the
into the oxide and is relatively independent of oxide state.
The mathematical development of the first steady-state solution was given

codal

: . - \
in the March 1 final report. There it was shown (Fig. 12 in that report) that a

a

conserved amount of positively-charged impurity would be entirely drifted to




the Si under hot-bias with field plate positive. This casc of V>0, nac
/3)

‘4“,‘ . - - ,.1,_‘ 1 ~171< . \ [anhd - 5 . - ,,‘, . - ~1 [

seen snown also by Collins. This is not what our cxyuerimaonts will

radioactive Na show, however.
As indicated above, we investigated the case wherce immobile «aon
which could combince with cation was present within Jhe oxide.,  Tils
solution could account for the experimcntally—obsérvcd distributicas,
by appropriate choice of boundary conditions.
Our experiments with radioactive cation and anion show that, at

ufficiently high temperature, both are mobile. Therefore case (3,
above, was examined. Experiment sho that Na and Br boil tenc
toward roughly U-shaped distribuiions across the oxide. Orn tae otner
hand, theory requires that thc product [Na+] [Br—] be constant uanless
there is association and dissociation between the icns.

The following summarizes the ideas which have come out of tnis

work:
COMPARISON OF THEORY WITH EXPEXIMENT
Pxperimental data on impurity distributions N(x) are available for

thermal oxide on Si.

iment because

PJ

Caution must be used in comparing theory o exper
(I} the cxperiments are not necessarily steady-state. The air or M /O
interface may act as a rate-limited source so that the total amount of
impurity is not conserved as assumed. (2) Theory and experiment do

not include all mobile species, particularly water species, which are

homoygencous, as

CL
@]
h
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W
v
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0
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ot
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o
O
v
.

present in the oxide. (3) Thermal ox
assumcd, but is oxygen-rich toward the air interface. (4) Contact
wotential difference should be included since it can be of the order of V

1. Pile-up of Na in the oxide at the Si results from straight-forwar:

. < - ’ N . . . SRR
image-charge force. (This is in addition to any segre ation effcct that




: . PRI | ey 3 L . Uoale Do f D L md e [ . R SR c o
might cxist between the oxide and the oxide/St interface "phase' ). Ihis

e S ey 70 kS U S T - e e~ [P U 1. Nt AR
is =ooported by the fact that nile-up is accompaniced by ciccetrl 11108
shifis which are also cdue to negative charyge in the S surface. .. 3

there is no pile-up and
no MOS {lat-band voltage offset (AV, duc to impuritics. Fig. 4 ghows o
drifted cxide which shows pile-upand a -50 volt AV.
2. Most Na in the oxide is effectivelyv neutral.  The cevidence {or (iis
conclusicn is as follows:
a. No Na pile-up in the oxide would remain at the M /O

all Na were Na , zsince

bty

interface after in-drift 2

V>>V as discussed in Model 1.

“
1 B
b. Reverse drift of Na-contaminated oxide witn |V |>>V
does not affect the distriburion N(x) except at the 310, /582
interface (Fig. 4).
©cC. Negative charge induced in the Si surface calculated from
integrated Na concentration is aiways greater tnan 1ol
L% 03 .
measured electrically by MOS . This is shown in
Figs. 3, 4, 5.
(6)
d. Etch-down experinicnts suggest that impurity charge

that is responsible for Si suriace potential shiits is local-
. e . - o, . -
ized within the oxide <500 A from the Si.
/4 ~
. . e o (4, 5, 7) .
e. Radiochemical diffusion and drift \ ’ 3
a pronounced dip in N{x, closc to the region of pile-up at

the Si. This may be the transient N(x, t

of Na across the oxide followed by electron transicr acar

in Fio. 4 this is scen. This may be a measure of tne l3-
i + : .
tance before retrapping of & Na in the SiO, near tace in.ariace.




i High concentrations (=10 < ) o Ao

PR RS B PR | N I TR P e .
diffuscd in oxide o NoU SN0W LhC CRPecled U-shain &

proflile predictea wy theory (sce reforence 3) but a
ilatter profile, as might be cxpected froat ncar siecady-

state diffusion, plus a pile-up commponent &t tho S lacer-

3. Na mav i

charces. LCxperiments with NaBr contamticant have nowa No citswsion 13

AR I T B . AT SR s o Y 1l PR, L T O T S P S
followed % r ciftusion \L£ilg. :)) uatil elecirical thaLL]—D1dL\; L8 acdiiie ol

PN =] Na ][ Br ] = constant is aot obscrved but is expected front st

<‘
(‘\
N

state theory of diffusion and drift

is observed.
DISCUSSICN

T‘

he implication of the theory compared with experiment is that most of

the Na in conventional thermal oxide on Si is neutral, perhaps associated with
+
less mobile anionic speciecs, and that whcen Na  appears at tac 5 lnteriace it

induccs image charge in the Si.

s

This model may be used to understand kinctics of Na in MGCS hot-bias
experiments, where it is observed that in-drirft flat-band vollage shilt

sumed due

ot

- . 'R P . 4 .
o Na ions (i. e. metal positive) is relatively slow, cui-¢

Siow in-orift is duc to diffusion, dissociavion, arify, and reasscoitiiun; Cnill.
build-up at the Si being due to Na transit zcross the oxide, mobility beiny that
exsected from conductivity data. Thatis, a rough value of 4 at 120 T coweined

O } = o
frorc 2 5 min. observed in-drift time across 5000A of oxide with +50v appliled is,

H
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cf Tusea quartz atiributed to a fow popm Na .
4 T4 4 | - P T.;+ « Ths
Tast out-drift is due to removal of the Na pile-up at the Siinleriace. T 18

siey is pure drift, not rate-limitee by diffusion or dissociation. The iaduced
+

chiarge in the Si disappears as the Na  is removed to neutralizing sites in the
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bined MOS electrical/radiochemical analysis and it is {ound that, wailce

ravid, times of the order of

.f ol s vy ae 3 P G < TR s AT T v Y oy e mm 2 e
in-drift times are required to ramove completely tae Na spixe {reot wnc

CRC o [anh i IR IR I DA Pl amam = g o imde s = E i -
St interface. This coula icad 10 “apparcal’ compieiv CiellriCcal recovery

L4 ae N PR S PN [ RN & H P S
after a short cut-arift vs. ‘Yrue' recovery aiter a ony cul-criit.
; <
.
With this 1el. resulis renoried bv Hofstein (9) Coimtore T
Vita Thls model, Teésulls reporiea DY morsteln may be int Srated

as Na arift, since hot-bias kinetics of Na and those observed by Holstein
¢ similar. In his interpretation, fast out-drift across the oxide 1z Jo-
garded as characteristic of the impurity species, whercas relativery slow
in-drift is attributed to rate-limiting generation out of traps at the racial/

s ] ’
good agreement with our modei. |

dependence of in-drift and out-drift is not symmeetric as mig
{rom ion transit from one side of oxide to the other. Cut-driitis very
scnsitive to small voltage, in-drift is less voltage-dependoent and reguires
larcer voltage to be comparably affected. (2) In-drift kinctics are variable,
evideatly sensitive to the state of the oxide, while out-drift kinetics are ver

reproducible, (3) "True' vs. "apparent'' electrical recovery is observed.

L
The dependence of in-drift of Na on the state ol the oxide is interpreted
] T T ] L I
as due to the effect of trapping and ncutralization of Na in transit. Thus
i . 9y ~ (10)
thhe MOS drift eifects due to water species nd organics niay ove, in

large part, alteration of oxide Na irapping characteristics.
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ATOMS /cm3

'OI7

105 l ] i ] | l

I000 3000 5000

DISTANCE FROM AIR |NTERFACE (A)

. Radiotracer Na.24, N(x), and Brgz, P(x), diffusion at 800°C in thermal oxide
on Si. Two different samples (from reference 7) MOS measurements gave
(in units of 1012 cm'z) after 1 min,, AN = 4, 6 compared to integrated impurity
" (from the data shown here) inducing charge in the Si surface of 6.2. After
30 min. AN = 0, 8 compared to 1.7 integrated from these data.

Fiy.
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Hydration of Thermal Oxide on Si (G. Holmberg and J. Hoel)

Moisture contributes to instability in MOS devices. To understand
this effect quantitatively, an apparatus has been constructed to expose an
oxide film on silicon té water vapor under ‘equilibrium conditions. Vapor
pressure of water and temperature of silicon substrate are carefully con-
trolled.

Capacitance-voltage measuyements are made on the sample after
various times of hydration. It is expected that flat-band voltage shifts
correlate with amount of hydration. Initial rheasurements indicate that
the small flat-band voltage offset, seen with an initially clean and dried
oxide, becomes even smaller after hydration at around ZOOOC.

Much effort has been expended in trying to find a suitable probe which
would allow C-V measurements on a sample without removing it from the
hydration cell. Mercury held in a teflon sleeve and soft gold have not been
successful. It has recently been decided to rer:nove the samples from the
cell and evaporate on contétcts for measurements.

In a short time, profiling measurements will be started with radio-
actively-tagged water in an attempt to correlate electrical measurements
with actual "water'" distributions in the oxide film.

Gold in SiOZ/Si (C. Slabinski and E. Yon)

The presence of gold in the bulk depletion region of an MOS capacitor
should compensate the bulk impurity doping and result in an increased de-
pletion layer width and hence a lower capacitance minimum of the C-V

curve. |

The above experiments brought to light the fact that evaporated metal
contacts are necessary for reproducible C-V measurements, especially
of the capacitance minimum. Probe contacts give erratic data and often
yield curves that do not match theory. In the present work, aluminum

dots on the oxide, and gold metal on the back proved satisfactory.
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Initiaull experirﬁents with radiotracer Aulc)8 show that the gold will
replate back onto the silicon from the etching solution. A subsequent
soak in aqua regia removes the replated gold and the activity of the com-
bined etchaht and soaking solutions gives the true number of gold atoms
in the section within 10%. ‘ '

Over 50 samples have been run with radioactive gold during this

quarter.

Personnel

During the summer for 10 weeks two summer research fellows are
assisting in t!‘xis‘.research. Mr. E. Greenstein is supported by the
National Science Foundation and Mr. J. Hoel is supported by other research
funds.

Mr. W, W. Smith Jr. has graduated with the degree of M. S. from
Case. Other personnel on the grant are unchanged.

Experimental Equipment and Techniques

1. A CVCCVE-20 vacuﬁxn evaporator has been installed, which
is available for this research.
2. A probe set-up which is capable of maintaining samples at 77°K

in dark has been built and incorporated in the C-V plotting system.
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PUBLICATIONS

"Ion Drift in MOS-Experiment and Theory” , A, B,
Kuper, Silicon Interface Specialists Conference,
Las Vegas, Nevada

" Combined MOS and Radiochemical Analysis of
Impurities in SiO2 on Si", A, B. Kuper, *European

Semiconductor Device Research Conference,
Bad Nauheim, Germany.

" Theory of Charge Distribution in MOS Oxide"
H. P. Caban-Zeda and A, B. Kuper, Electrochemical
Society, Dallas.

M. S. Electrical Engineering, W. W. Smith, Jr.
June 1967. ' Phosphosilicate Glass Passivation Against
Sodium Impurity in Thermal Oxide on Silicon'',

M. S. Electrical Engineering, H. P. Caban-Zeda,
June 1967. ' Theory of Impurity Charge in MOS
Oxide!''.

% NSF Travel Grant awarded for airfare.
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